Differences in blood pressure between arms are associated with vascular disease and increased mortality; this has not been reported in diabetes. We explored these associations, and assessed reference standard and pragmatic measurement techniques, in people with diabetes and in nondiabetic controls.
A systolic difference in blood pressures between arms is associated with peripheral arterial disease, cerebrovascular disease, and increased cardiovascular and all-cause mortality (1); these findings are mainly derived from populations at elevated cardiovascular risk. Studies that have examined the interarm difference in people with diabetes, who are also at elevated cardiovascular risk (2) , report a prevalence of a systolic difference $10 mmHg between arms in type 2 diabetes of 9-10% (3, 4) . However, the associations of interarm difference in blood pressure with increased cardiovascular and all-cause mortality have not been reported in diabetes.
Failure to recognize an interarm difference in blood pressure may incorrectly classify the majority of subjects with such a difference as having controlled hypertension if the lower reading arm is measured (4) . This can delay the diagnosis or confound the treatment of hypertension (5), a key component of effective diabetes care (6) , if an interarm difference is not specifically looked for. Guidelines advise measuring both arms during initial assessment of high blood pressure (7, 8) , but this guidance is followed by less than one in five general practitioners in the U.K. (9) , perhaps due, in part, to clinical inertia or to a lack of evidence directly relevant to primary care for the importance of measuring both arms (10) .
Confirmation of an interarm difference requires a method of repeated simultaneous measurement, to avoid overestimation of prevalence (8, 11) . This technique, however, may not be practical in routine clinical care (12) . It adds time to the clinical assessment of subjects in primary care, and we have found it to be a barrier to recruitment in our previous study in diabetes (4) . Initially, a sequentially measured pair of readings may be sufficient to rule subjects out of further assessment for an interarm difference, but this requires further evaluation (13) . Previous small studies that directly compared sequential and simultaneous measurement techniques have concluded that the reproducibility of an interarm difference measured by different techniques is poor (3, 14) , although we have found that repeated sequential measures can predict a systolic interarm difference $10 mmHg on repeated simultaneous measurement (15) .
The current study examines the crosssectional and prospective associations of an interarm difference with signs of vascular disease and increased mortality in a diabetic cohort demographically representative of the primary care population with diabetes and using an accepted reference standard method of repeated simultaneous blood pressure measurements. Concurrent measurement of a control (nondiabetic) group was included since we have not found any previous reports on the application of repeated simultaneous measurements to an unselected community cohort. Further assessment of the predictive value of a pragmatic sequential method of interarm blood pressure measurement for confirmed interarm differences was also planned as a study objective.
RESEARCH DESIGN AND METHODS

Study Participants
The Diabetes Alliance for Research in England (DARE; DRN082) is a communitywide collaboration between patients and professionals aiming to provide a platform to enable further study into the causes and complications of diabetes. It aims to establish a sample of all patients with diabetes within the regions included in the National Institute for Health Research (NIHR) Diabetes Research Network, part of the NIHR Clinical Research Network. By collecting DNA samples from all participants, which can be linked with clinical information, it provides a resource to look for gene/environment interaction in the development of type 1, type 2, and other forms of diabetes and their associated complications.
Within each region, the study aims to recruit all adult patients with diabetes with no exceptions other than the patient's being unable to understand the consent form. It thus seeks to be broadly representative of the English diabetic population. Nondiabetic controls are also recruited to permit genetic comparisons. Diabetic patients were identified from searches of primary and secondary care diabetes registers, and social-classmatched controls were identified where possible from spouses of patients.
Data Collection
People with diabetes and controls were recruited within primary and secondary care settings by trained research nurses who collected demographic and clinical data, including patient-reported cardiovascular and peripheral vascular events and/or interventions, and who performed a baseline clinical assessment including measurement of blood pressure. Specifically for the duration of this study, the nurses recruiting to the Exeter center (Devon, England) included within the baseline visit an assessment of blood pressure measured simultaneously in both arms with two automated sphygmomanometers using our previously piloted standard operating procedure (Supplementary Data) (4, 15) . This involved the participant sitting quietly for 5 min. A total of four pairs of bilateral blood pressures were then measured. Two pairs of bilateral blood pressure measurements were obtained by simultaneous activation of two automated sphygmomanometers (Omron 705IT; Omron Matsusaka, Japan). The cuffs and their associated machines were then swapped to the contralateral arms, and two further pairs of blood pressure readings were obtained. The order of application of machines to arms was randomized using a random number table. Flagging of diabetic patients' and controls' records on the National Health Service register with the National Health Service Information Centre permitted prospective collation of mortality data from information on death certificates.
Data Analysis
Baseline characteristics of diabetic and control participants, and cutoffs of interarm difference, were compared using t tests or x 2 tests as appropriate. Systolic and diastolic interarm blood pressure differences were calculated as the mean of all right arm minus the mean of all left arm measurements. Hypertension was defined as the use at baseline of antihypertensive medication or a recruitment blood pressure $140/ 80 mmHg.
Interarm differences from individual simultaneous pairs of readings were compared with the reference standard, defined as the mean of differences from all four simultaneous pairs. Best and worst case scenarios, as pragmatic estimates of sequential data collection in routine clinical practice, were examined by calculating differences with the least time separation (first right arm reading minus second left arm reading) and the greatest time separation (first right arm reading minus fourth left arm reading). Pairs of sequentially and simultaneously measured interarm difference measurements were examined for validity (sensitivity and specificity) using interarm difference greater or equal to prespecified cutoffs of 10 and 15 mmHg for the mean of the four pairs of readings as the reference standard. Receiver operating characteristic (ROC) plots were examined for the areas under the curve. Both patients with diabetes and controls were used in these analyses.
Cross-sectional analyses were undertaken for diabetic subjects to examine associations between interarm difference status (using cutoffs $10 mmHg and $15 mmHg based on previous findings [1] ) and demographic factors, medication use, and markers of microvascular and macrovascular disease (any diabetic retinopathy on most recent screening, history of claudication and peripheral arterial disease, and medical history of cardiovascular and cerebrovascular events). Associations identified on univariate analysis were tested in a multivariate logistic regression; covariables were included in the analysis on clinical grounds and/or identification of an association on univariate analysis.
Participants were followed up for a period of up to 5 years. Cox proportional hazards regression models were used to compare all-cause and cardiovascular mortality between diabetic subjects with and without an interarm difference (based on cut points $10 mmHg and $15 mmHg) reporting hazard ratios (HRs). Deaths due to myocardial infarction, cardiac failure, or ischemic cerebrovascular events were defined as cardiovascular deaths. Since it is recommended that 10 or more events are required per covariate, we did not attempt to run multivariable models (16) . We assessed proportionality of hazards by plotting 2ln(2ln(survival)) versus ln(analysis time) and tested this using Schoenfeld residuals (17) . Since the proportionality assumption was not always upheld, we also reported the log-rank test P value. Analyses were carried out using SPSS 20 (IBM, New York, NY).
RESULTS
Characteristics of Participants
Recruitment took place from 30 October 2007 to 12 February 2010; mortality data to 13 November 2013 were included in this analysis. During this period, a total of 727 people with diabetes and 285 control subjects were recruited. The diabetic cohort predominantly had type 2 diabetes (621/727; 85.4%); 89 (12.2%) were classified as type 1 diabetes, and the remainder were steroid related (2), gestational (1), maturity onset of diabetes in the young (1), or unclassified (13) . Compared with controls, diabetic participants were older, with higher BMI, waist:hip ratio, arm circumference, systolic and diastolic blood pressures, and interarm differences. Cholesterol concentrations, sex, and smoking status also differed (Table 1) . Participants were predominantly of British or other white origin (969/1,012; 95.8%).
In 116 (11.5%) subjects, no pairs of readings were successfully recorded. The main reasons for not obtaining any readings were machine errors (36) 
Method of Interarm Difference Measurement Analysis
Data from the completed four-pairs protocol in 752 control or diabetic participants were used to examine the validity of different methods of initial measurement. Sensitivities calculated for individual pairs of simultaneous and sequential readings ranged from 63 to 78%, and from 54 to 77% for systolic interarm differences $10 and $15 mmHg, respectively; specificities for simultaneous readings were higher (87-88 and 95-96%, respectively) than for sequential measurements (67 and 84%, respectively, for best case; 54 and 74% for worst case). A similar pattern was seen for diastolic interarm differences $10 mmHg (Table 2) . Insufficient cases with a diastolic difference $15 mmHg were identified to permit further analysis (3/752). For all analyses, the negative predictive values of individual pairs for the reference standard interarm difference were high (range 97-99%), and in all combinations, correlations with the reference Analysis of ROC plots showed any single pair of systolic interarm differences (simultaneous or sequential) to be able to predict the reference standard interarm difference. Areas under the curve ranged from 0.67 to 0.79 for systolic pairs (Supplementary Fig. 1 ) but were not significant for any diastolic pair in predicting a diastolic difference $10 mmHg (Table 2) .
Prevalence
Mean prevalences of interarm differences fell with increasing numbers of pairs of simultaneous measurements averaged (x 2 for trend, P , 0.001) (Supplementary Fig. 2 ). Where four pairs of readings were obtained, the prevalences in people with diabetes were 8.6% (95% CI 3.8-13.3) for systolic differences $10 mmHg and 2.3% (0-4.9) for $15 mmHg; corresponding diastolic figures were 1.9% (0-4.3) for $10 mmHg difference and 0.4% (0-1.4) for $15 mmHg difference. For control subjects, the corresponding prevalences were systolic 2.9% (0-7.1) $10 mmHg and 0.4% (0-2.0) for $ 15 mmHg and diastolic 3.4% (0-7.8) for $10 mmHg and 0.4% (0-2.0) for $15 mmHg ( Supplementary Fig. 4 ). Further analysis was restricted to subjects with diabetes and four successfully recorded pairs of simultaneous readings. Sensitivity analyses according to type of diabetes were explored.
Cross-sectional Analysis
Cross-sectional associations of interarm difference with vascular morbidity were examined for the diabetic participants. Baseline demographics for subjects with and without systolic interarm differences $15 mmHg were similar; subjects with a difference $10 mmHg showed 
Survival Analysis
During the study period, median followup was 52.4 months (interquartile range 48.1-56.7). There were 12 (2.3%) cardiovascular deaths and 41 (8.0%) deaths from all causes. In crude analysis, cardiovascular mortality was higher with a systolic interarm difference $10 mmHg (HR 3.5 [1.0-13.0]; P = 0.04) and $15 mmHg (HR 9.0 [2.0 to 40.1]; P = 0.001) (Supplementary Fig. 3 ). There was no clear evidence that all-cause mortality was higher with systolic interarm differences, and no mortality differences were observed with diastolic interarm difference analyses.
CONCLUSIONS Summary of Main Findings
This is the largest study of interarm differences in a population with diabetes. The prevalence of interarm differences suggested by previous reports (3,4) is confirmed (9% for systolic interarm difference $10 mmHg, 2.3% $15 mmHg); prevalences were significantly lower in the nondiabetic control population. The importance of repeated measurements to accurately define an interarm difference, and the utility of a single sequentially or simultaneously measured pair of blood pressure measurements in excluding a difference, are also demonstrated.
Systolic interarm differences were associated with presence of retinopathy, peripheral arterial disease, and chronic kidney disease in cross-sectional analysis. Preliminary prospective analyses suggest that systolic interarm differences $10 and $15 mmHg are also associated with increased cardiovascular mortality at an average of 4.5 years follow-up.
Strengths and Limitations of Study
We believe this to be the largest reported series of interarm difference measurements in people with diabetes; it uses a robust simultaneous measurement protocol and also presents the first prevalence data for an unselected community population using this methodology. This study presents early evidence of reduced cardiovascular survival in association with an interarm difference in diabetes. We observed a relatively small number of deaths in this period of follow-up, and nonfatal outcome data were not collected within the study protocol. These limitations precluded us from undertaking multivariate analyses in order to adjust for risk factors that might confound the comparison of those with and without an interarm blood pressure difference (e.g., mean blood pressure, smoking status, and prevalence of hypertension). The CIs around our estimated HRs are wide, and these prospective findings will require future reanalysis and confirmation.
The study protocol did not collect the same breadth of data for control subjects; therefore, the analyses for control subjects were limited to estimation of their prevalence of interarm differences. The failure rate of collection of pairs of blood pressure measurements was higher than we have previously experienced (4, 15) . Arrhythmias, predominantly atrial fibrillation, were a frequent cause of failure. This is a recognized problem with automated sphygmomanometers (7, 18) , and interarm difference studies often therefore list atrial fibrillation as an exclusion criterion, whereas the DARE protocol does not exclude subjects with arrhythmias; however, an adequate sample size was still achieved.
Baseline recording of participant cardiovascular and peripheral vascular medical history was based on self-reported events and may therefore have suffered from recall bias.
The ethnicity of the cohort recruited reflects the relative underrepresentation of ethnic minority groups in Devon compared with the U.K. population; therefore, some caution may be needed with generalization of these results to other diabetic cohorts.
Relationship to Existing Literature
The prevalences of interarm differences in people with diabetes reported here agree closely with previous reports of smaller cohorts (9% [n = 169] and 10% [n = 101] for systolic interarm differences $10 mmHg) (3, 4) . The prevalences reported for control subjects were lower than those from the diabetic recruits. Reports using simultaneous repeated measures in unselected general populations have not previously been published; four studies, all of convenience samples drawn from hospital inpatients and outpatients and visitors provide the closest comparison (19) (20) (21) (22) . The pooled prevalence of a systolic interarm difference $10 mmHg for these cohorts is 4.2% (3.0-5.3), which is comparable to the 2.9% control prevalence reported here. Two large community-based series using a four-limb device (VP-1000; Colin Co. Ltd, Komaki, Japan) to measure a single simultaneous interarm difference have reported prevalences for a systolic interarm difference $10 mmHg of 9.1% (n = 1,090, mean age 62.1 [11.1] ) and 6.4% (n = 3,133, all subjects aged 60 years or over, mean age 69.0 [7.7] ) (23, 24) ; the use of a single simultaneous reading from devices of this type has not, however, been validated against simultaneous repeated measures (11, 25) . The prevalences of interarm differences were noted in this study to be higher where four pairs of readings were not obtained. Successful completion of the protocol was associated with lower systolic blood pressure and measures of obesity, which may also be relevant to the recorded prevalences; however, the findings do support previous evidence that a simultaneous repeated measurement protocol, such as that used here, is necessary for accurate identification of interarm differences in epidemiological study (11, 26) . Eguchi et al. (14) have previously demonstrated the correlation of interarm differences measured by simultaneous and sequential techniques, which corresponds with the findings presented here.
Prevalences are higher in the presence of hypertension (26) and in older age groups (22) . These two factors may account for the differences in prevalences observed with and without diabetes in this study; without age-and blood-pressure-matched cohorts, it is not possible to determine whether diabetes per se is associated with an increased prevalence of interarm differences.
The cross-sectional association of a systolic interarm difference $10 mmHg with peripheral arterial disease is in keeping with the findings of our recent systematic review (1) , and pooled analysis of the current findings with previous community-based studies using the same measurement techniques (4, 15, 27) gives ORs of 3.0 (1.5-6.2; I 2 = 0%) for a systolic interarm difference $10 mmHg and 3.6 (1.7-7.3; I 2 = 0%) for $15 mmHg. We found an association of a systolic interarm difference $15 mmHg with chronic kidney disease; increased levels of albuminuria have also recently been associated with a systolic interarm difference $10 mmHg in a smaller cohort (n = 314) with type 2 diabetes (28).
The preliminary mortality findings are based on small numbers of events up to the time of analysis but are also in keeping with our previous published findings and support the evidence that an interarm difference is a marker of increased cardiovascular mortality (1, 25) . Peripheral arterial disease, a recognized risk factor for future cardiovascular events and mortality, has been assumed to be the pathological basis for an interarm difference in blood pressure (29) . There is no direct radiological evidence from a general population such as that in the current study to confirm that this is the anatomical cause of an interarm difference (1). The differences observed may result from more diffuse stiffening in the arteries since structural changes in large arteries as a result of hypertension begin early in the course of the condition and are insidious, whereas symptomatic cardiovascular and peripheral vascular disease are late sequelae of a process of gradual arterial stiffening as a result of damage to the elastic fibers under sustained elevated blood pressure (30) . Unevenly distributed stiffness could produce a measurable interarm difference; Su et al. have recently shown an association of a systolic difference $10 mmHg with elevated brachial-ankle pulse wave velocity, suggesting increased arterial stiffness (31) . Increased blood pressure variability is a potential confounder of interarm difference and is associated with increased arterial stiffness (32). Different methods of measurement of blood pressure variability exist (33); however, the SD of blood pressure measurements is one simple method that correlates independently with mortality differences (34). The modest correlation of SDs of unilateral systolic and diastolic blood pressure measurements with interarm differences in the current study is in keeping with these findings.
Implications for Clinical Practice
The number of failed attempts to measure pairs of blood pressures brings into question the practicality of repeated simultaneous measures in clinical practice. Newer sphygmomanometers are equipped with algorithms to detect atrial fibrillation (35), which was a common reason for failure. However, time was evidently a factor during data collection, and this has been observed before (4) . Machines that measure two (e.g., Microlife WatchBP Office) or four (e.g., Omron Colin VP-1000) limbs are now more readily available and may permit more practical assessment of interarm differences. They are, however, more costly than standard clinical sphygmomanometers. The findings presented here suggest that a single pair of measurements that can be feasibly made within routine practice can reliably rule subjects out of the need for further paired measurements; this may be a more practical first approach than resourcing simultaneous bilateral arm measurements for all subjects (12) . Interpretation of ROC curves assumes that the sensitivity and specificity of a test are constant, whereas they may vary with population characteristics such as age or disease severity (36) . The observed ROC curves displayed a nonconvex shape, which could imply caution is required in recommending a single pair of measurements for initial detection of an interarm difference (37) . Therefore, prospective assessment of this approach is required.
The associations of interarm difference with peripheral arterial disease and with increased cardiovascular mortality suggest that detection of an interarm difference may define a subpopulation at high risk of vascular events (38). In therapeutic terms, there is no evidence to support any different intervention on detection of a difference, but in a health service of finite and shrinking resources, this may help to identify subjects who can most benefit from intensive lifestyle interventions.
Implications for Future Research
Southwest England has relatively low ethnic minority representation; therefore, these findings cannot be extrapolated to other diabetic populations such as South Asians, who are known to be at higher cardiovascular risk than the population studied here (39) . Further studies of the measurement and implications of an interarm difference are therefore needed in such populations. The effect of the full protocol in reducing apparent prevalence suggests that future epidemiological studies of interarm difference must adopt a similar robust repeated simultaneous measurements approach to avoid overestimation of prevalence (40).
The mortality findings presented here are based on small numbers of events and should therefore be regarded as preliminary. We intend to review the prospective mortality implications after a longer period of follow-up to confirm the associations demonstrated.
We only have anecdotal evidence as to why clinicians do not measure both arms (4) . Why primary care practitioners do not follow current guidance to measure blood pressure in both arms is also unknown, and no existing research has explored the barriers and facilitators of bilateral blood pressure measurement. The practicality of any protocol for interarm difference measurement will influence its degree of implementation; the findings presented here suggest that a pragmatic sequential pair of measurements could be a simple first test. This needs to be assessed in future measurement studies, and we also recognize the need to undertake a detailed qualitative exploration of barriers and facilitators of measurement of both arms.
There is also a need for a health economic assessment of the costs and benefits of identifying interarm differences in terms of improving detection and management of hypertension.
